ABSTRACT Nanoscale cell surface topography was visualized using a scanning ion conductance microscope (SICM), where a nanopipette was used as the scanning probe to detect ionic current as feedback signal. SICM was an effective tool for noncontact topographical imaging of live cells, because measurements were performed under physiological conditions. This breakthrough technique opens up a wealth of possible new experiments in membrane and cell biology.
Introduction
Due to the diffraction limit of optical microscopes (200 nm), nanometer-scale imaging is not possible with conventional microscopes. This limitation is especially critical for live cell surface measurements, because actin and flotillin, which control the cell surface dynamic movement, cannot be viewed. To overcome this issue, significant efforts have been made to establish different nanoscopy techniques. 1, 2 In scanning probe microscopy (SPM), images of surfaces are seen using a probe that scans the sample surface. For example, atomic force microscopy (AFM) has been used for various physical, chemical, and structural characterizations of live cells. Considerable efforts have been made to improve the resolution and scan rate as well as to reduce the stress applied to live samples during imaging. 3, 4 However, deformation of soft and responsive cells using the AFM cantilever, particularly when imaging live cells, represents a substantial problem for AFM.
Alternatively, to achieve noncontact topography measurements, current signal feedback systems have been used for living cell topography imaging. [5] [6] [7] [8] Scanning ion conductance microscopy (SICM), which uses a nanopipette as a scanning probe to detect ionic current as feedback signal, was reported as an effective tool for noncontact topographical imaging of live cells, because measurements are performed under physiological conditions. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The general assembly of a SICM is shown in Fig. 1 . A voltage is applied between two Ag/AgCl-electrodes, one of which is located in bulk electrolyte solution, the other one is inserted into a nanopipette containing the same electrolyte solution. The magnitude of ionic current changes with the pipette-sample distance, and the approach character depends on the nanopipette aperture. 13 To improve the resolution of SICM, miniaturization of the nanopipette is required. Previously, resolution of 3-6 nm was achieved using a 15-nmdiameter quartz nanopipette to image a membrane protein. 11 The scanning mode is a key factor when measuring convoluted live cell surface topography, because the feedback distance control system cannot predict height information in advance. Hopping mode is useful for uneven substrates over a large range of scanning areas, giving valuable information on live cell surface topography. 5, 10 In this study, we imaged cell surface structure using hopping-mode SICM. Hopping-mode SICM provides real cell surface topography images without deformation of the soft and responsive cells. This breakthrough opens up a wealth of new experiments in membrane and cell biology.
Experimental

Scanning ion conductance microscope
The nanopipette and bath were filled with the same solution (usually physiological or growth media) to avoid salt concentration gradient cell potentials and liquid junction potentials. Ag/AgCl electrodes in the bath and nanopipette provided an electrical connection for a conventional electrophysiological circuit. The ion currents flowing into the nanopipette were measured at applied DC voltages of 200 mV using the feedback signal.
Measurement system
The SICM instrumentation used was described in previous papers. [6] [7] [8] The current was measured by a patch-clamp amplifier (Axon Instruments). The current signal during imaging was filtered using a low-pass filter at 1 kHz. The data were digitized and analyzed with continuous data acquisition hardware and software (Axon Digidata 1322A, Axon Instruments). The sample and probe positions relative to each other were precisely controlled by mounting the sample on an XY piezoelectric translation stage and the nanopipette on a Z stage (Nanocontrol, 621.2CL and 621.ZCL), both controlled by a controller module (Nanocontrol, NC3301). The system was controlled and data acquired through a software program written in Labview 2010 (National Instruments). The vertical Z positioning of the nanopipette and the movement of the sample in the XY plane were controlled by a FPGA board (PCIe-7841R, National Instruments).
Scanning protocol
The hopping mode featured repetitive approaches to and retractions from the surface by the probe while defining a new setpoint at each point. The procedure was as follows: first, a reference ionic current was measured using a nanopipette positioned at a reference point (usually 4 µm from the sample surface). The setpoint was defined as 99.5% of the reference ionic current. Then, the nanopipette approached the surface at 30 nm/ms as the ionic current was monitored until the current was damped to the setpoint. Before lateral movements, the nanopipette was retracted 4 µm upward to avoid contact with the surface. Topographical imaging was conducted by repeating these processes.
Fabrication of nanopipettes
SICM nanopipettes were fabricated by pulling a borosilicate glass pipette (inner diameter = 0.78 mm, outer diameter = 1.00 mm; GC150F-10, Harvard Apparatus) using a CO 2 laser puller (Sutter Instruments, Model P-2000). The radii of the nanopipettes used in present series of the experiments were 20-100 nm, and their cone angles were ³1.5°. The radius of the nanopipette was controlled by changing the velocity parameter.
Cell cultures
A431 and Cos-7 cells were cultured separately in Petri dishes (Falcon) containing RPMI-1640 medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco) at 37°C under a 5% CO 2 atmosphere. Rat hippocampal neurons were cultured on glass coverslips.
Results and Discussion
Characterization of nanopipettes
The apparent outer radius of the nanopipette was about 80 nm (including 2 nm thick of the coated carbon), as observed by scanning electron microscopy (SEM) in Fig. 2 . Assuming that the inner/outer diameter ratio of the capillary template is preserved during the pulling process, we estimate the inner radius of the nanopipette tip to be about 60 nm.
A smaller nanopipette was fabricated by increasing the heat value of the laser puller. This nanopipette aperture size was difficult to measure even using SEM. Therefore, the nanopipette was characterized by using approach curve recordings. Figure 3 shows the experimental approach curves (black lines) in PBS in a Petri dish. SICM current responses were fit to established theoretical curves (circles). 13 Good correlation was observed between theory and experiment. From the curves, the radius of the smaller nanopipette was estimated to be approximately 20 nm. During SICM measurements, the setpoint was defined as 99.5% of the reference ionic current. In this case, the pipette-sample distances of conventional nanopipette and smaller nanopipette were kept at 40 and 100 nm, respectively. Figure 4 shows the topographic images of A431, hippocampus, and Cos-7 cells. The measurements were performed in PBS. For A431 and hippocampus imaging, we used the 50-nm radius nanopipette. For Cos-7 imaging, we used the 20-nm radius nanopipette. All images clearly showed the cell features without artifacts. For A431 cell measurement, the tight junction, the specialized membrane and protein complex formed between cells, was visualized clearly. Moreover, an individual microvillus structure was visualized by high-magnification SICM. It should be noted that microvilli are soft and fragile; therefore, other SPM techniques would have difficulties in visualizing this structure. Tilman and co-authors have previously been shown that scanning ion conductance microscopy (SICM) has advantage for cell imaging in comparison with atomic force microscopy (AFM).
Live cell imaging by SICM
14 It is because only SICM technique can conduct contact-free imaging. For the hippocampus cell measurement, the complex network of neuronal cultures was visualized clearly. Synaptic bouton, which is a specialized area within the axon of the presynaptic cell that contains neurotransmitters enclosed in small membrane-bound spheres called synaptic vesicles, was identified by high-resolution imaging [ Fig. 4(b) , white arrow]. The synaptic bouton width and height were both 500 nm. For Cos-7 cell measurement, cavities were seen on the cell surface [ Fig. 4(c) , white arrow]. The average cavity width and depth were 400 and 120 nm, respectively. The average cavity width was slightly larger than the size of clathrin-dependent endocytosis pits; 11 however, SICM effectively visualized nanoscale cell surface cavity clearly.
Surface topography change was continuously assessed during relatively long experiments. The epidermal growth factor receptor (EGFR) is a key membrane protein associated with cancer. 15 Epicedial growth factor (EGF) treatment of cells activates signal transduction cascades leading to changes in cell morphology, Electrochemistry, 82(5), 331-334 (2014) motility, and mitogenesis. 16 Since EGFR can trigger irregular cellular proliferation, it has been considered as an attractive target molecule for cancer therapy. In this experiment, we measured surface topography change of A431 cells, which express high levels of EGF receptors.
The topographic changes in single A431 cells with EGF stimulation are shown in 17 It is noted that the observation time (at 20 and 40 min) for the rapid morphological change induced by the polymerization is reasonable in consideration of the time observed by SEM. 16 In future experiments, we would like to investigate the relationship between structural change and actin polymerization induced by EGF by using an SICM-fluorescent hybrid system.
Conclusion
SICM was successfully applied to live cells for nanoscale imaging without the deformation of cell shape. The resolution of SICM was beyond the diffraction limit of optical microscopes. The SICM noninvasive topography measurement system with nanoscale resolution is a powerful new approach to study the dynamics of biomolecules in living cells. Electrochemistry, 82(5), 331-334 (2014) 
